In this paper we describe a process for creating thin SU-8 2002 films between 1.5 µm and 3.0 µm thick that are hardbaked and can withstand a release etch in either aqueous or plasma silicon etchants. Resulting films are characterized using both wafer bow and membrane bulge tests to monitor in-plane stress and Young's modulus. We explore the influence on final film stress of several process variables including hard bake temperature, exposure dose, film thickness, and various temperature profiles. We observe resultant film stress in the range of 13.8 to 32 MPa, and Young's modulus in the range of 2.1 to 5.2 GPa for free-standing membranes. Illustrative process recipes are described for both patterned and un-patterned SU-8 2002 membrane devices.
INTRODUCTION
The epoxy-based negative photoresist SU-8 2002 is becoming widely used as a structural material for MEMS and MOEMS devices. Spin coated and then directly patterned by lithography, SU-8 can be cured by hard bake to make a durable structured film. One appealing property of the final material is the potential for low intrinsic stress in the cured film, promoting large displacement of elastic structures using low-voltage electrostatic actuation. One example of such a free-standing structure is a deformable membrane mirror [1, 2] . Low in-plane stress becomes very desirable in deformable membrane devices such as variable-focus mirrors because a low stress film results in a larger deflection. In deformable mirror applications that use actuator electrodes across an air gap, the membrane deflection (δ ) is related to in-plane stress (σ) by Eq.1.
(1)
In this equation is the air permittivity, r 0 is the membrane radius, t is membrane thickness, is the SU-8 relative permittivity, s 0 is the air gap thickness, and V is the applied voltage. By lowering the in-plane stress within the SU-8 thin film an inversely proportional gain is achieved in the deflection.
While very low values of intrinsic stress have been reported for uncured films, our interest is in free-standing SU-8 structures that must endure a release etch and therefore require a hard bake step. The final film stress may vary dramatically depending on variables of the fabrication process, so that the process must be properly designed to achieve the desired stress in the finished structure. In this paper we study the dependence of in-plane stress on hard bake temperature, exposure dose, film thickness, and various temperature profiles. We also show a strong dependence on final hard bake temperature of Young's modulus of the cured films.
We describe first the typical fabrication process and then the techniques used to measure film stress and Young's modulus. Our results are summarized, and then discussed at the end of the paper.
FABRICATION PROCESS
Free-standing SU-8 membranes were fabricated using standard photolithography and bulk silicon etching as depicted in Fig.1 . In this process, we start with a single side polished (SSP) silicon wafer. Thermal oxidation is used to produce a 500 nm layer of silicon dioxide on the surface of the wafer. The silicon dioxide on the back side is patterned to open etch windows for releasing the membrane via bulk silicon etch. A film of SU-8 2002 (thickness range of 1.5 µm to 3.0 µm) was spun directly on the polished side of the silicon wafer. A soft bake was then used to drive off the excess solvent in preparation for ultraviolet exposure. The UV light cross-links the polymer and a post exposure bake (PEB) is used to complete the photo reaction. At this point any features that were introduced during the exposure were developed prior to the hard bake. The hard bake is the longest and highest temperature baking step. Once completed, the film is fully cured and ready for silicon etchants. The final step is to place the wafer into a single-sided wafer holder in Tetramethylammonium hydroxide (TMAH), to etch the substrate and leave a free-standing SU-8 membrane. The membranes used for bulge testing are rectangular; measuring 4 mm × 2 mm. Fig.2 illustrates the overall thermal profile of the process, for a typical fabrication sequence. 
TESTING METHODS

Pneumatic Bulge
A pneumatic bulge test can be used to measure both in-plane stress and Young's modulus of a film. The deflection of a thin membrane in response to an applied pressure can be mathematically modeled using the energy minimization approach [3] . In characterization of elastic properties of thin films the membrane deflection (δ ) is related to the applied differential pressure (p) by Eq. 2.
In this equation is in-plane stress, is Young's Modulus, a is membrane height and t is membrane thickness. and are constant values dependent on the aspect ratio of the free-standing membrane and the Poisson's ratio of SU-8. For our membranes, the aspect ratio is 2, and we used Poisson's ratio of 0.22 [6] , resulting in C 1 = 1.9025 and C 2 = 0.8660. A sealed aluminum chamber was used to generate a controlled differential pressure, and deflection was measured using a Michelson interferometer. Fig.3 shows schematically the bulge test apparatus. Using a threaded syringe, the pressure within the chamber was slowly decreased while the deflection was recorded by counting the number of interference fringes created using a laser diode with a known wavelength. Curve fitting the data resulted in repeatable and accurate values for in-plane stress and Young's Modulus. Fig.5 shows typical data curve fit to Eq.2. 
Wafer Bow
For more rapid measurement of in-plane stress we relied on wafer bow measurements made using a stylus profilometer. These tests were made on un-patterned, bare silicon wafers. Prior to processing the SU-8 film, a preliminary scan of the curvature of the wafer was taken. Once the film was fully cured and returned to room temperature a post processing scan was taken. Using the difference between the two measurements an induced radius of curvature was calculated. With this radius and accurately measured values for film and substrate thickness, we can compute the in-plane stress. The equation for stress calculation can be established on the basis of the fundamental theory of elasticity and elementary considerations of beam theory. The residual stresses in thin films deposited on an initially flat substrate will elastically bend the film-substrate structure. The magnitude of residual in-plane stress, , in thin films can be calculated from the equation derived by Stoney [4] :
where R is radius of curvature, is the substrate elastic constant, is substrate thickness and is membrane thickness. Wafer bow testing occurs completely within a clean room environment and does not require bulk silicon etching. For these reasons the results are found more quickly than the pneumatic bulge test above.
RESULTS
Results for hard bake temperature (4.1), UV dosage (4.2) and film thickness (4.3) were obtained for featureless films that require no development step. Therefore, the post exposure bake and hard bake temperature profiles were merged, with no intermediate cooling phase (Fig.7) . 
Hard Bake Temperature
The hard bake temperature is the longest and highest temperature baking step during processing and is expected to have the largest influence on in-plane stress. Final hard bake temperatures ranging from 135°C to 255°C for 60 minutes were performed. Films processed at temperatures lower than 135°C did not survive the release etch. For these tests, the soft bake profile was 65°C to 95°C at 330°C/hr and held for 5 minutes and then removed from the hotplate to cool. The UV dose was 100 mJ/cm 2 . After exposure the wafer was placed on a hotplate at initial temperature of 65°C, ramped to the PEB plateau temperature of 95°C and held for 5 minutes, and then ramped at 330°C/hr to the final hard bake temperature. Cool down was not actively controlled. The wafer was left on the hotplate, which was turned off and typically required 35 minutes to reach room temperature. The results of both in-plane stress and Young's modulus are seen in Fig.8 . 
UV Dose
The dependency on UV exposure at 365nm was explored by increasing the dose from the standard 100 mJ/cm 2 recommended by the manufacturer to a maximum dosage of 600 mJ/cm 2 . The mask aligner was equipped with a 360 nm long pass filter (PL-360LP). The standard thermal profile, described in section 4.1 was used, with a hard bake temperature of 155°C. Fig.9 plots the results, showing little dependence of the stress in the cured film on the UV exposure dose above 100 mJ/cm 2 . Fig.9 . In-plane stress for various UV doses, after hard bake at 155°C. 
Film Thicknesses
By varying the final spin speed during application, the film thickness can be adjusted accurately between 1.6 µm and 3.5 µm. Spin speeds of 750 and 1250 RPM were used to achieve film thicknesses of 3.43 µm and 2.62 µm respectively. The remaining data points were collected by increasing the spin speed by 1000 RPM until a film thickness of 1.65 µm was achieved using 5250 RPM. For this data series, the UV dose was 100 mJ/cm 2 , and the thermal profile, described in section 4.1 was used, with a hard bake temperature of 155°C. Fig.10 plots stress as a function of film thickness, while Fig.11 plots film tension, which is the product of thickness and stress, vs. film thickness. 
Temperature Profiles
Following the manufacturer's recommended process, the wafer is heated on a hotplate and then removed to cool. With this process, the film is subjected to rapid quenching after both the soft bake and post exposure bake steps. We investigated the effect of removing these sudden changes in the temperature from the profile, using a gradual cooling temperature ramp instead. 12a shows the standard temperature profile, with 90°C soft bake and post exposure bake and 155°C hard bake temperatures, and 100 mJ/cm 2 UV exposure dosage. Fig.12b shows the same processing parameters except the cooling following post exposure bake occurs at -330°C/hr. Fig.12c includes a cooling ramp at -330°C/hr after both soft bake and post exposure bake.
DISCUSSION
Our results show that as the final temperature of the hard bake increases, so does the stress within the film. We also observed that the in-plane stress within the film rapidly changed between 155°C and 215°C. Above 215°C, both the stress and Young's modulus did not change significantly. This may coincide with the glass transition temperature of SU-8 which the manufacturer reports as 210°C [6] . Below 155°C the change in stress is again less sensitive to temperature. To maintain repeatability in manufacturing it would be best to process either below 155°C or above 215°C, where the variation of in-plane stress is minimal. Doing so may decrease the likelihood of dramatic changes in stress due to small variations in processing. At hard bake temperatures below 135°C the free-standing membranes did not survive the release process so this data was excluded. We can conclude that hard bake temperature between 135°C and 155°C will provide the lowest stress while maintaining the integrity of the free-standing membrane.
From the experimental results seen in Fig.9 the UV dosage seems to have little effect on the in-plane stress of the cured SU-8 film. For uncured films (no hard bake), Keller found that the UV exposure dose significantly affected the in-plane stress introduced during the post exposure bake [5] . We hypothesize that at the lower post exposure bake temperatures investigated in that work, polymerization of the film may depend more strongly on photo acid concentration, but that sufficient photo acid is generated even at 100 mJ/cm 2 to result in complete polymerization of the film when the temperature is increased to the significantly higher hard bake temperatures. This implies that UV dose in excess of 100 mJ/cm 2 is unnecessary for our process. However, polymerization kinetics may play a significant role, so that temperature ramp rates may be just as important as final temperature in determining film stress. This remains a topic for further investigation.
As we increased the spin speed, the average film thickness decreased and the in-plane stress increased. Even though the in-plane stress of the film gets lower as the film gets thicker, beyond 2.5 µm the overall tension in the film begins to rise (Fig.11) . From the experimental data presented, the lowest tension (37.7 N/m) occurred at a film thickness of 2.62 µm. This shows that thicker films results in lower in-plane stress but do not necessarily have low tension. This data shows there is an optimal thickness for thin SU-8 films that will yield the lowest tension, and therefore the largest deflection under a pressure load.
MPa
Removing all rapid temperature changes during processing resulted in much lower in-plane stress. By removing a single quench point after the post exposure bake (Fig.12b) a 21 .7% decrease in the overall in-plane stress of the film was achieved. Fig.12c shows even further reduction of in-plane stress, reduced by 29.1% compared to the standard profile of Fig.12a .
Experimental results show large variation of in-plane stress within SU-8 2002 thin films depending on film thickness and temperature profiles used during processing. By controlling these parameters, films with low stress and tension can be achieved, leading to increased deflection of MEMS devices constructed from SU-8 films. The thermal profiles we investigated are compatible with both patterned and un-patterned films that are subjected to a hard bake step in order to withstand a silicon etch during a final release step.
